The short term effects of increased levels of CO2 on gas exchange of leaves of bigtooth aspen (Populus grandidentata Michx.) were studied at or when it will be possible to grow experimentally even a fairly short-lived tree through a complete life cycle of 40 to 50 years in high CO2. We are thus reduced to predicting the response of trees to high CO2 from short term measurements of mature trees grown in ambient CO2 and from responses of tree seedlings and herbaceous plants grown in high CO2.
The mol fraction of CO2 in the atmosphere has been rising since the Industrial Revolution in the 1800s and is now predicted to double its present value (340 ul/l in 1983) within the next century (1) . This prediction has aroused considerable interest in the response of plants to increased levels of CO2. The short term effects of high CO2 levels on photosynthesis of plants grown in ambient CO2 levels have received some attention (see 18) . Un- fortunately, the photosynthesis and growth of plants grown in high CO2 may not match the short term responses to high CO2 of plants grown in our present ambient CO2 levels. For example, Gates et al. (8) found more than 100 studies of plant growth and development that confirm changes in plant characters with increased CO2 levels. Recent studies (e.g. 9, 20, 25) have attempted to refine our understanding of the interactions of C02, nutrients, water, light, and other environmental factors so that we will have a sound physiological basis for predicting plant response to future conditions. Most previous studies of CO2 effects have dealt with herbaceous species, particularly with crop or weed species. Although trees constitute a major portion of the world's biomass and plant productivity, the effects ofCO2 on trees are relatively unexplored. Tinus (22) and Rogers et al. (19) have grown tree seedlings under high CO2 levels, but it is presently not practical to grow mature trees under such conditions. Furthermore, we cannot predict if ' Supported by the United States Department of Energy under contract DOE-ACO2-79EV 10091. or when it will be possible to grow experimentally even a fairly short-lived tree through a complete life cycle of 40 to 50 years in high CO2. We are thus reduced to predicting the response of trees to high CO2 from short term measurements of mature trees grown in ambient CO2 and from responses of tree seedlings and herbaceous plants grown in high CO2.
Investigations of the short term effects of high CO2 on trees in their natural environments are rare (e.g. 10). We investigated the response to CO2 of leaf gas exchange of bigtooth aspen, a widespread species of 
RESULTS
The temperature response of CER of bigtooth aspen leaves from the top of the canopy, measured in saturating Umol mM2 s-') PPFD and CO2 mol fractions of 320, 600, and 1900 Ml/l, is shown in Figure IA . The temperature optimum was shifted from 25°C in 320 il/l CO2 to 37°C in 1900 d1/1 CO2.
Temperature optimum in 600 ul/l CO2 was similar to that in 320 Ml/l. Maximum CER was increased by 39% in 600 gl/l CO2 and by 151% in 1900 ,A/I C02, relative to CER in 320 AI/I C02. Stomatal conductance decreased as temperature increased beyond 15 to 20°C (Fig. 1B) . Water vapor pressure difference between the leaf and air increased with temperature, since at the higher temperatures we were not able to maintain humidity of the incoming air high enough to keep VPD constant (Fig. IC) . The response ofstomatal conductance to temperature is therefore confounded with the response to VPD.
The response of CER to temperature at high CO2 level was similar in July and August, but did change during leafsenescence in late September and early October (Fig. 2A) . During senescence, the temperature optimum shifted downward and the entire response curve was progressively flattened, so that by early October there was very little photosynthetic activity. Even in October with leaves that were mostly yellow, there was some enhancement of CER by high C02, as compared to CER of leaves in ambient (330 0l/1) CO2 (Fig. 2A) . Stomatal conductance during leaf senescence (Fig. 2B) was usually lower than conductance in mid-summer (cf. Fig. 1B) . As during mid-summer, conductance declined as temperature and VPD increased (cJf Fig. 2C ).
There was a continuous increase in CER with increasing CO2 mol fraction in the leaf chamber in saturating PPFD, although the effect of CO2 on CER varied with temperature (Fig. 3A) . At 30°C (a temperature near the optimum, but not so high as to create excessive water stress over a measurement interval of several hours), CER began to plateau when chamber CO2 reached 900 to 1200 ,A/l. At 20°C, maximum CER was reduced, although there was less effect of temperature at lower levels of C02 (i.e. the 20 and 30°C curves converged at low CO2 levels). The initial slope of the CO2 response curve (CER versus chamber C02) was slightly higher at 30C than at 20C but the values were not significantly different (Table I ). In both temperature regimes, stomatal conductance declined as CO2 level increased (Fig. 3B) , even though VPD remained constant (Fig. 3C) . The discontinuity in the curves near 320 yd/l resulted from the procedure of first decreasing CO2 level from ambient and then increasing it from ambient. The second value of CER in ambient CO2 was invariably lower than the value at the start of the experiment. During leaf senescence in late September and October, the CO2 response in 30°C gradually straightened out and maximum CER declined (Fig. 3A) , so that yellowing leaves in early October had an approximately linear increase in CER with increasing CO2. Compared to the summertime value, the initial slope of the CO2 response curve in 30°C (CER versus chamber C02) declined in late September and mid-October, with all values significantly different ( Table I) . As leaves lost their photosynthetic capacity during senescence, stomatal conductance became more variable among samples but usually did not change much with increasing CO2 level (Fig. 3B) .
Leaf water use efficiency increased with increasing CO2 level (Fig. 3D) The stomata acted to maintain a fairly constant ratio of leaf intercellular CO2 mol fraction to CO2 mol fraction of air outside the leaf (Fig. 3E) . During summer, the ratio tended to be lower in 30°C than in 20C. The ratio increased during leaf senescence in September and October (Fig. 3E) . When viewed as a function of intercellular CO2 mol fraction, CER was again higher in 30°C than in 20°C (Fig. 4) . At 30C, leaf CER increased continuously with increased CO2 level; the rate of increase in CER decreased but did not become zero even at intercellular CO2 mol fractions of 1000 to 1500 gl/l, i.e. there was no appreciable plateau in CER, although CER at 20°C did stalt to plateau. During late September and October, CER as a function of intercellular CO2 (Fig. 4) had patterns similar to those described above for CER as a function of chamber CO2. The initial slope of the response curve (CER versus intercellular C02) during summer was slightly I Figure 3. higher in 30°C than in 20°C but the values were not significantly different (Table I) . Compared to the summertime value, the initial slope in 30°C decreased in late September and midOctober, with all values significantly different (Table I) .
In 1900 Al/l CO2, the response to light of CER varied with temperature (Fig. 5A) . The maximum light-saturated CER at 30°C was almost double the maximum CER at 20°C. The light saturation point was also higher at 30°C than at 20°C. For reference, Figure 5 also shows the response to PPFD at 250C in near ambient (300-320 ,u/l) CO2. The maximum CER at 20°C was 50% higher than the maximum CER of leaves at 250C in near ambient CO2 (Fig. 5A) , whereas maximum CER at 300C was 162% higher. Leaf conductance increased with increasing PPFD in 30°C and in near ambient CO2 but did not show a consistent pattern in 200C (Fig. 5B) , while VPD remained constant (Fig. 5C ).
DISCUSSION
The patterns of CER presented here are consistent among treatments, i.e. the curves have similar values of CER where they intersect at a given temperature, CO2 mol fraction, PPFD, and leaf age. Thus, although there was potentially some variation among the histories of leaves used in these experiments, the leaves all exhibited similar gas exchange capacities, suggesting that the variation in preconditioning did not have a large effect on the overall pattern of photosynthetic characteristics that emerges from the entire set of experiments.
Measurements of maximum CER in ambient C02, saturating (18) . Von Caemmerer and Farquhar (23) found an increase in the initial slope of the CO2 response curve of CER of Phaseolus vulgaris with increased temperature; they suggested this was consistent with the temperature dependence of the kinetic parameters of RuBP carboxylase-oxygenase. With our aspen leaves, the slope in 30°C was higher but not significantly different from the slope in 20C. The decline in slope of the response with aspen leaf senescence in autumn suggests a loss of enzyme activity or quantity, or both, while electron transport capacity also declines.
Although maximum CER of aspen leaves in saturating CO2 was greatest at high PPFD, there was also enhancement of CER by high CO2 with PPFD values from 0 to 400 ,umol m-2 s-', where PPFD normally limits CER. This enhancement at low PPFD values is apparently due to an increased quantum efficiency in high C02, which is a result of decreased photorespiration in higher C02 (4) .
Models of photosynthesis (e.g. 7, 24) often deal primarily with biochemical processes inside the leaf, even while recognizing that stomatal control of intercellular CO2 mol fraction (a driving variable for many models) is also affected by humidity, temperature, C02, and other factors. Whole-leaf CER thus must be considered as an interaction between intra-leaf photosynthetic processes and stomatal control of gas exchange with the environment. Decreases in stomatal conductance with increasing CO2 level have been noted in several studies (e.g. 14, 24). Decreased transpiration due to decreased conductance plus increased CER due to higher CO2 availability here combined to yield increased water use efficiency with increased C02, as has also been previously noted (17) . Aspen leaves apparently regulate their stomata so that the ratio of leaf intercellular CO2 mol fraction to external CO2 mol fraction is maintained roughly constant; this pattern matches that of most species investigated to date (3, 5, 14) . The ability of stomata to achieve some optimal balance between CO2 uptake and water loss and the mechanism by which this may occur remain a matter of debate (see 6, 24) . The effects of temperature, CO2, and PPFD on CER of aspen are consistent in practically all respects with patterns observed in laboratory measurementsof C3 plants grown in ambient C02; these characteristics suggest that aspen is a typical C3 species in respect to its responses to CO2. This means that existing models of photosynthesis in relation to light, temperature, and CO2 (e.g. 7, 24) can be used to predict photosynthetic responses of aspen leaves in their present environments, with limitations due to the nature of such models and not because the species has unusual characteristics. Whether such predictions will be valid for leaves grown in CO2 mol fractions of 600 to 700,u/1, with possible concomitant changes in leaf characteristics, remains a key question. Knowledge ofthe basic characteristics ofplants in their natural habitats, with our present environmental conditions, is a necessary prerequisite to answering that question.
